The cyclic adenosine monophosphate (cAMP), mitogen-activated protein kinase (MAPK) and cAMP response element-binding protein (CREB) transcriptional pathway is required for consolidation of hippocampus-dependent memory. In mice, this pathway undergoes a circadian oscillation required for memory persistence that reaches a peak during the daytime. Since mice exhibit polyphasic sleep patterns during the day, this suggested the interesting possibility that cAMP, MAPK activity and CREB phosphorylation may be elevated during sleep. Here, we report that cAMP, phospho-p44/42 MAPK and phospho-CREB are higher in rapid eye movement (REM) sleep compared to awake mice but are not elevated in non-rapid eye movement (NREM) sleep. This peak of activity during REM sleep does not occur in mice lacking calmodulin-stimulated adenylyl cyclases, a mouse strain that learns but cannot consolidate hippocampus-dependent memory. We conclude that a preferential increase in cAMP, MAPK activity and CREB phosphorylation during REM sleep may contribute to hippocampus-dependent memory consolidation.
Introduction
Sleep is an indispensable physiological state that naturally occurs in a wide variety of species (Campbell and Tobler, 1984; Cirelli and Tononi, 2008; Siegel, 2008) . It is characterized by the reversible loss of consciousness and reduced motor activity. In terrestrial mammals and birds, sleep is further separated into REM sleep and NREM sleep based on distinctive electroencephalogram (EEG)/electromyogram (EMG) measurements (Lesku, 2006; Allada and Siegel, 2008; Siegel, 2009 ). REM sleep is evidenced by rapid, low-voltage theta waves (4-8 Hz) in parallel with muscle atonia and rapid eye/whisker movements (Aserinsky and Kleitman, 1953) . NREM sleep, however, is composed of stage 1,2 and slow-wave-sleep (SWS) featuring low-frequency, large-amplitude delta waves (0.5-4 Hz) (Rechtschaffen, 1968) .
Sleep has been strongly implicated in the off-line reprocessing of recently acquired memory (Stickgold, 1998; Walker and Stickgold, 2004; Stickgold, 2005; Marshall and Born, 2007; Diekelmann and Born, 2010; Hernandez and Abel, 2011) . However, the mechanistic relationship between sleep and memory consolidation is undefined. In rodents, neuronal firings recapitulating those evoked by previous awake behavior have been detected in both REM sleep and NREM sleep (Wilson and McNaughton, 1994; Skaggs and McNaughton, 1996; Shen et al., 1998; Poe et al., 2000; Louie and Wilson, 2001; Ji and Wilson, 2007) . These findings suggest the intriguing hypothesis that molecular cascades activated during memory acquisition may be recruited during subsequent sleep to promote memory consolidation.
Consolidation of hippocampus-dependent memory depends upon activation of the calmodulin-stimulated adenylyl cyclases, MAPK and CREB-mediated transcriptional pathway (Bourtchuladze et al., 1994; Wu et al., 1995; Atkins et al., 1998; Blum et al., 1999; Wong et al., 1999; Athos et al., 2002; Pittenger et al., 2002; Sindreu et al., 2007) . However, how long-term memory (LTM) can endure for periods far exceeding the lifetimes of synaptic proteins produced during memory acquisition remains to be determined. Recent studies have revealed that the cAMP/MAPK/CREB pathway undergoes a circadian oscillation in area CA1 of the mouse hippocampus with peak activity during the daytime at ZT4 (zeitgeber time 4, 12 p.m.). Disruption of this signaling oscillation days after hippocampus-dependent memory is consolidated impairs the persistence of memory (Eckel-Mahan et al., 2008; Phan et al., 2011) . This has led to the idea that hippocampus-dependent memories are maintained over extended periods of time by periodic reactivation of this memory consolidation pathway during the circadian cycle.
Since the cAMP/MAPK/CREB transcriptional pathway is maximal during the daytime when mice exhibit periods of wakefulness, REM sleep and NREM sleep, a critical question is whether or not this signaling pathway is activated during sleep. Here, we report that cAMP, as well as MAPK activity, and CREB phosphorylation are significantly higher in REM sleep compared to awake mice but not higher in NREM sleep. These increases do not occur in memory-deficient mice lacking calmodulin-stimulated adenylyl cyclases. Our results support the hypothesis that the activation of the cAMP/MAPK/CREB transcriptional pathway during REM sleep contributes to memory consolidation and are consistent with electrophysiological studies showing replay activity in the hippocampus during REM sleep (Poe et al., 2000; Louie and Wilson, 2001) .
Materials and Methods

Mice
Adult (3-6 months) male C57BL/6J wild-type (WT) and type 1 and type 8 adenylyl cyclases (AC1 and AC8) double-knockout (DKO) mice were used in the experiments. DKO mice were generated as previously described and backcross bred into C57BL/6J background for more than nine generations (Wong et al., 1999) . Mice were entrained in a 12-hr light/12-hr dark cycle with lights on at 8 a.m. (ZT0) at least 7 days before the start of the experiment. Animal procedures were performed under protocols approved by the Institutional Animal Care and Use Committee of the University of Washington and conform to National Institutes of Health guidelines.
EEG implantations and recordings
Each mouse was implanted with an EEG headmount following the manufacturer's instructions (Pinnacle Technology). Briefly, mice were anesthetized with a ketamine/ xylazine cocktail and aligned in a stereotaxic apparatus. After exposing the skull surface, headmounts were centered along the sagittal suture with the front edge 3.5 mm anterior to bregma. Headmounts were then secured with four stainless steel screws (also functioned as EEG electrodes) and coated in acrylic for insulation. When positioned properly, all four screws (two anterior: AP 3.0 mm, ML ± 1.75 mm; two posterior: AP − 4.0 mm, ML ± 1.75 mm, relative to bregma) should sit on the cerebral region of an adult mouse (20-30 g). Two EMG wires were inserted bilaterally into the trapezius muscles to monitor neck activity. Mice were allowed 5 days to recover in their home cages before tethering to the commutators using 100 × preamplifiers in circular recording cages. Mice were adapted to the recording apparatus for additional 5 days and EEG/EMG signals were collected using Sirenia software (Pinnacle Technology). Captured data were scored off-line manually to distinguish waking, REM sleep and NREM sleep based on standard criteria including: (1) the amplitude and frequency of EEG; (2) the amplitude and frequency of EMG; (3) the regularity of EEG/EMG. On the experimental day, mice were monitored based on both behavioral activities and EEG/EMG patterns. Mice were sacrificed after 10 min in waking or NREM sleep or after 1 min in REM sleep between 12 p.m. (ZT4) and 2 p.m. (ZT6) in order to avoid variations resulted from circadian changes.
Passive avoidance
The training chamber was a shuttle box that was equally divided into lit and dark compartments by a metal partition with a trap door (Coulbourn Instruments). During training, mice were allowed to explore the lit side freely for 1 min before the trap door was opened. Immediately after mice entered the dark side, the door was closed and a mild foot shock (0.7 mA, 2 sec) was delivered. Mice were kept in the dark side for 20 sec and then returned to their home cages. During testing, mice were put back into the lit side and the time mice spent before crossing over into the dark side (crossover latency) was recorded. The cutoff value for crossover latency was set to 5 min.
Contextual fear conditioning
The contextual training and testing were performed in a contextual arena with clear sidewalls and a metal shock floor (Coulbourn Instruments). During training, mice were allowed to explore the chamber freely for 2 min before receiving a mild foot shock (0.7 mA, 2 sec) from the metal grid. Mice were kept in the chamber for additional 1 min and returned to their home cages. During testing, mice were placed back into the training chamber without shock for 2 min. Freezing behavior, defined by body immobility except for respiration, was scored every 10 sec over a 2-min period. Data were presented as a percentage of time in freezing over total sampling period.
Immunohistochemistry
Mice were cervical dislocated and brains were removed quickly (within 2 min) and immersed in 4% paraformaldehyde/50 mM NaF/1 mM Na 3 VO 4 in 1 × PBS (pH 7.4) overnight at 4 °C, with one change of fixative after 3 hr. Brains were cryoprotected in 30% sucrose, frozen in 2-methylbutane/dry ice bath, and cut into serial coronal sections (20 μm) in a cryostat (Leica). Sections were pretreated as previously described (Sindreu et al., 2007) and first stained with rabbit anti-phospho-p44/42 MAPK [also referred as extracellular signal-regulated kinase 1 and 2 (ERK1/2), 1:10,000, Cell Signaling Technology]. The signal was amplified by deposition of cyanine-3 tyramide complexes using Tyramide Signal Amplification System (PerkinElmer Life and Analytical Sciences). Sections were blocked again and incubated with rabbit anti-phospho-CREB (1:100, Cell Signaling Technology). Sections were then incubated with Alexa Fluor 488-conjugated secondary antibody (Molecular Probes), counterstained in DAPI (Molecular Probes) and mounted using Aqua-Poly/Mount (Polysciences). Absence of cross-reactivity between the first primary antibody and the second secondary antibody was confirmed in experiments in which the second primary antibody was omitted (data not shown).
Imaging and Analysis
Sections were imaged on either a Nikon Eclipse E400 Microscope or a Zeiss 510 Meta laser scanning confocal microscope. Density filter, pinhole, detector gain and offset were kept constant for experimental comparisons. Hippocampal sections spanning between − 1.70 mm and − 2.18 mm relative to bregma were examined in the study. For phospho-ERK1/2 (pERK) positive cells, four hippocampal sections per mouse were analyzed using 20 × objective lens. Cell counts per subregion were averaged across sections then across animals to yield group means. For phospho-CREB (pCREB) fluorescent intensity analysis, individual images were taken under 10 × objective lens and montages were constructed and analyzed using Fiji software (National Institutes of Health). Area, mean grey value and integrated intensity were measured and compared among three groups.
Western analysis
Mice were cervical dislocated and hippocampi were quickly dissected out and homogenized with 50 strokes of Kontes "B" pestle in 200 μL of lysis buffer [10 mM HEPES, pH 7.5, 150 mM NaCl, 2.5 mM EDTA, pH 8.0, 2.5 mM EGTA, pH 8.0, 50 mM NaF, 5 mM DTT, 1.5% NP-40, 10% glycerol, 1 mM PMSF, 1 mM Na 3 VO 4 , 1 × phosphatase inhibitor cocktail 2 and 3 (Sigma), one tablet/10 mL Complete Mini EDTA-free protease inhibitor (Roche)]. Homogenates were spun at 14,000 × g for 10 min, and supernatant was retained as the whole-cell soluble fraction. Samples were mixed with equal amounts of Laemmli sample buffer (Bio-Rad), heated at 95 °C for 10 min, and loaded onto 4-15% Tris-HCl polyacrylamide gels (Bio-Rad) for SDS-PAGE analysis. Proteins were then transferred onto PVDF membranes (Millipore) and blocked with 5% BSA in 1 × TBS with 0.05% Tween-20. Blots were incubated with rabbit anti-phospho-(Ser/Thr) protein kinase A (PKA) substrates (referred as pPKA-s, 1:1000, Cell Signaling Technology) overnight at 4 °C. Blots were then incubated with alkaline phosphatase-conjugated secondary antibody (Sigma) and developed using CDP-Star substrate (Applied Biosystems). After stripping in 25 mM glycine/1% SDS (pH 2.0) for 40 min at room temperature, blots were blocked again and incubated with mouse anti-actin (1:5000, Millipore). Protein bands were visualized with ChemiDoc XRS+ system and analyzed using Image Lab software (Bio-Rad). Optical density of bands immunopositive for pPKA-s was normalized to that of corresponding actin bands.
Measurement of cAMP
Hippocampal homogenates were prepared as described above except that 0.5 mM 3isobutyl-1-methylxanthine was also included in the lysis buffer. Total cAMP activity was measured using Amersham cAMP Biotrak Enzymeimmunoassay System according to the manufacturer's instructions (GE Healthcare). The results were normalized by total protein amounts which were determined using Pierce BCA Protein Assay Kit (Thermo Scientific).
Statistical analysis
Results are expressed as mean ± SEM. Behavioral data from passive avoidance and contextual fear conditioning studies were analyzed by two-way ANOVA. All other data were analyzed by one-way ANOVA. Bonferroni's multiple comparison tests were followed for post hoc analysis. Significance was set at P < 0.05.
Results
Determination of mouse sleep architecture using EEG/EMG recordings
Prefabricated headmounts were implanted on top of the mouse skull to capture cortical EEG and neck EMG activities as described in Materials and Methods. Signals were then amplified, filtered and transmitted to the recording units for documentation and analysis.
Waking, REM sleep and NREM sleep were identified based on standard criteria as previously described (Tobler et al., 1997; Crocker and Sehgal, 2010) . Waking was characterized by high-frequency, low-amplitude EEG signals in combination with chaotic EMG activity ( Figure 1A ). REM sleep, however, exhibited regular and fast EEG spikes in low amplitude paralleled by the lack of EMG activity ( Figure 1B) . NREM sleep was distinguished by low-frequency, high-amplitude EEG waves and attenuated muscle activity ( Figure 1C ). Similar to adult humans (Carskadon, 2011) , a cycle of waking-NREM sleep-REM sleep was also detected in mice.
To examine the general sleep patterns of WT mice, we performed EEG/EMG recordings for five consecutive days. The data were then visually scored and the percentages of time spent in total sleep, REM sleep and NREM sleep were averaged across days and animals to yield group means. We observed that mice spent 44.3 ± 0.5% of the recording time in total sleep over a 24-hr period: 3.8 ± 0.1% in REM sleep and 40.5 ± 0.4% in NREM sleep (Figure 2A -C). In the presence of light (ZT0 to ZT12), mice spent 67.2 ± 1.3% of the recording time in total sleep (Figure 2A ). The time spent in NREM sleep was about ten times greater than that in REM sleep ( Figure 2B -C; NREM: 60.9 ± 1.1%; REM: 6.2 ± 0.3%). In the absence of light (ZT12 to ZT24), mice spent much less time in sleep (Figure 2A ; 21.4 ± 1.3%). However, the time in NREM sleep increased to fifteen times as many as that in REM sleep ( Figure 2B -C; NREM: 20.1 ± 1.3%; REM: 1.3 ± 0.2%). When further analyzed in 4-hr intervals, we detected parallel oscillations of time spent in total sleep, REM sleep and NREM sleep over a 24-hr period ( Figure 2D -F). The preponderance of sleep during the light phase corresponds to normal sleep patterns of mice under 12:12 light/dark entrained conditions (Veasey et al., 2000) .
Activation of MAPK and CREB during REM sleep
We previously discovered that MAPK activity and CREB phosphorylation underwent circadian oscillations with peak activities between ZT4 and ZT8 (Eckel-Mahan et al., 2008) . In the present study, we hypothesized that the molecular components involved in memory consolidation may be reactivated during specific phases of sleep within this period. Therefore, experiments were performed between ZT4 and ZT6 to monitor changes in MAPK activity during waking and sleep. The behavioral states of mice were identified based on their physical activities and EEG/EMG signals. Awake mice demonstrated full awareness to the environment and high levels of EMG activity. Mice in sleep lay motionless with closed eyes and sometimes with head tucked under the body. Since NREM sleep usually stays long (19.7 ± 1.3 min) whereas REM sleep is transitory (3.1 ± 0.1 min), mice were allowed 10 min in waking or NREM sleep, but 1 min in REM sleep before cervical dislocation. MAPK activity was determined by immunostaining hippocampal sections for dually phosphorylated, activated MAPK (pERK) (Atkins et al., 1998; Sindreu et al., 2007) , and cells immunopositive for pERK were counted in the pyramidal layer of the CA1 and the granular layer of the dentate gyrus (DG). We detected pERK labeling in both cell bodies and apical dendrites ( Figure 3A) . In the CA1, there were three times more pERK + cells in mice during REM sleep compared to awake mice ( Figure 3B ; REM: 73 ± 5; waking: 23 ± 5; oneway ANOVA, F (2,16) = 41.05, P < 0.0001). No significant difference was detected between NREM sleep and waking ( Figure 3B ; NREM: 16 ± 5; waking: 23 ± 5). In the DG, a significant increase in pERK + cells, though to a lesser extent, was also detected in mice during REM sleep compared to awake mice ( Figure 3C ; REM: 9 ± 1; waking: 5 ± 1; oneway ANOVA, F (2,16) = 8.944, P = 0.0025). Moreover, the numbers of pERK+ cells in mice during REM sleep were higher than those during NREM sleep in the CA1 (P < 0.001) and DG (P < 0.01).
MAPK activation of CREB-mediated transcription is strongly implicated in memory consolidation and is activated during training for hippocampus-dependent memory (Bourtchuladze et al., 1994; Wu et al., 1995; Atkins et al., 1998; Impey et al., 1998b; Wong et al., 1999; Athos et al., 2002; Pittenger et al., 2002; Sindreu et al., 2007) . To examine changes in CREB activity between waking and sleep, we immunostained hippocampal sections for CREB phosphorylated at Ser-133 (pCREB). Since we observed a large number of cells immunopositive for pCREB in the CA1 and DG ( Figure 4A ), we compared total fluorescent intensity within the subregions among three behavioral states. The intensity of pCREB immunofluorescence was significantly higher in REM sleep compared to awake mice in the CA1 (Figure 4B ; one-way ANOVA, F (2,16) = 5.117, P = 0.0191) and DG ( Figure  4C ; one-way ANOVA, F (2,16) = 4.109, P = 0.0363), but not in NREM sleep relative to awake animals. Together, these data indicate that MAPK activity and CREB phosphorylation increase during REM sleep in the CA1 pyramidal layer and DG granular layer of the hippocampus compared to awake mice.
Hippocampal cAMP/PKA signaling increases during REM sleep
cAMP is required for activation and nuclear translocation of MAPK as well as subsequent CREB phosphorylation during memory formation (Impey et al., 1998b; Sindreu et al., 2007) . We therefore measured cAMP levels and PKA activity between waking and sleep. The average hippocampal cAMP of all mice examined (including waking, REM and NREM groups) between ZT4 and ZT6 was 30.9 ± 2.7 pmol per mg of protein. Within this time frame, however, the cAMP level was greatest in REM sleep (41.0 ± 4.1 pmol per mg of protein), significantly higher than that in awake animals or NREM sleep ( Figure 5A ; oneway ANOVA, F (2,14) = 6.155, P = 0.0121).
To generally monitor cAMP-dependent PKA activity during sleep, we examined the levels of downstream substrates phosphorylated by PKA using Western analysis. An antibody that detects proteins phosphorylated at a conserved PKA phosphorylation motif was used and the immunoreactivity was determined by the optical intensity of the bands. Of an array of bands detected, we analyzed three (labeled from 1 to 3) in sizes ranging between 50 kDa and 100 kDa for PKA activity during waking and sleep ( Figure 5B ). An increase in pPKA-s labeling during REM sleep compared to awake animals was detected in all three bands analyzed, two of which were significantly higher ( Figure 5C ; band 2: one-way ANOVA, F (2,14) = 11.62, P = 0.0011; band 3: one-way ANOVA, F (2,14) = 15.68, P = 0.0003). It was also evident that pPKA-s intensity was greatly enhanced during REM sleep relative to NREM sleep (band 1: P < 0.01; band 2: P < 0.01; band 3: P < 0.001). However, PKA activity between NREM sleep and waking was not statistically different. In addition, although the specific PKA substrates showing higher phosphorylation during REM sleep were not characterized here, CREB phosphorylation was significantly higher during REM sleep (Figure 4 ). Collectively, these data indicate that hippocampal cAMP/PKA signaling is higher during REM sleep than in animals that are awake.
Calmodulin-stimulated adenylyl cyclases are required for memory consolidation and activation of the cAMP/MAPK/CREB transcriptional pathway during REM sleep
We reasoned that the increase in the cAMP/MAPK/CREB signaling cascade during REM sleep might contribute to memory consolidation. However, since REM sleep in mice is very brief (3.1 ± 0.1 min) and occurs at a low frequency (3.8 ± 0.1% of total recording time), it is impossible to block the pathway exclusively during REM sleep using chemical inhibitors. Instead, we chose a transgenic mouse model showing deficits in memory consolidation and examined the activation of the cAMP/MAPK/CREB pathway during sleep. DKO mice have impairments in long-term potentiation (LTP) at the Schaffer collateral-CA1 synapses (Wong et al., 1999; Zhang et al., 2011) , as well as in LTM for several hippocampus-dependent tasks (Wong et al., 1999; Wang et al., 2004; Zhang et al., 2011) . When subjected to passive avoidance test, both WT and DKO mice exhibited increased crossover latency at comparable levels 3 hr after training ( Figure 6A ; two-way ANOVA, genotype: F (1,24) = 1.37, P = 0.2537; trial: F (1,24) = 49.36, P < 0.0001; interaction: F (1,24) = 2.04, P = 0.1660), suggesting that DKO mice have normal learning and short-term memory for passive avoidance task. However, when tested for long-term passive avoidance memory, DKO mice showed significantly shorter crossover latency compared to WT mice 24 hr after training ( Figure 6B ; two-way ANOVA, genotype: F (1,32) = 25.47, P < 0.0001; trial: F (1,32) = 64.82, P < 0.0001; interaction: F (1,32) = 25.98, P < 0.0001). In another test where memory for contextual fear was evaluated, DKO mice learned to associate the contextual chamber with aversive foot shock and demonstrated elevated freezing behavior similar to that of WT mice 3 hr after training ( Figure 6C ; two-way ANOVA, genotype: F (1,24) = 0.48, P = 0.4956; trial: F (1,24) = 70.89, P < 0.0001; interaction: F (1,24) = 0.21, P = 0.6486). However, DKO mice spent significantly less time in freezing than WT mice 24 hr and 8 days after training ( Figure 6D ; two-way ANOVA, genotype: F (1,21) = 51.77, P < 0.0001; trial: F (2,21) = 30.15, P < 0.0001; interaction: F (2,21) = 14.42, P = 0.0001). These results indicate that consolidation of hippocampus-dependent memory is compromised in DKO mice, and that calmodulinstimulated adenylyl cyclases are indispensable for memory consolidation.
MAPK activity, CREB phosphorylation and cAMP/PKA signaling during sleep and awake periods were analyzed in DKO mice. Quantification of pERK+ cells revealed no significant differences among waking, REM sleep and NREM sleep in the pyramidal layer of the CA1 (Figure 7A ; one-way ANOVA, F (2,17) = 3.476, P = 0.0543). In addition, the total fluorescent intensity of pCREB in the CA1 remained relatively constant among three behavioral states ( Figure 7B ; one-way ANOVA, F (2,17) = 1.119, P = 0.3495), suggesting that REM sleepassociated CREB activation was abolished in DKO mice. We also monitored cAMP levels and PKA activity in the hippocampus of DKO mice. No differences in cAMP levels ( Figure  7C ) or PKA activity ( Figure 7D -E) were detected between waking and REM sleep. However, in DKO mice cAMP and PKA activity were higher in NREM sleep compared to awake mice ( Figure 7C -E; cAMP: one-way ANOVA, F (2,18) = 4.659, P = 0.0234; band 1: one-way ANOVA, F (2,18) = 6.950, P = 0.0058; band 2: one-way ANOVA, F (2,18) = 10.38, P = 0.0010; band 3: one-way ANOVA, F (2,18) = 18.98, P < 0.0001). We do not know why there is an increase in cAMP during NREM sleep in DKO mice. However, there are at least 7 different adenylyl cyclases expressed in the hippocampus with different regulatory properties (Hanoune and Defer, 2001) . The fact that one can see a differential increase in cAMP during REM sleep but not NREM sleep in WT mice clearly indicates that there are different mechanisms for activation of adenylyl cyclases in REM and NREM sleep. The higher levels of cAMP and PKA activity during NREM sleep may result from compensation due to the loss of calmodulin-stimulated adenylyl cyclases. Nevertheless, the increases in pERK, pCREB and cAMP/PKA during REM sleep relative to awake animals observed in WT mice are lost in DKO mice, a memory-deficient mouse strain. Collectively, our data suggest that calmodulin-stimulated adenylyl cyclases are required for activation of the cAMP/MAPK/CREB pathway during REM sleep, and that the preferential activation of this pathway during REM sleep may contribute to memory consolidation.
Discussion
The cAMP, MAPK and CREB-mediated transcription is activated during the formation of hippocampus-dependent LTM (Atkins et al., 1998; Blum et al., 1999; Wong et al., 1999; Pittenger et al., 2002; Sindreu et al., 2007) , an event that requires de novo transcription and translation (Davis and Squire, 1984; Silva et al., 1998; Impey et al., 1999) . However, training-induced increases in cAMP, MAPK activity and CREB phosphorylation are transient (Bernabeu et al., 1997; Sindreu et al., 2007) , and the newly synthesized synaptic proteins have limited lifetimes. Therefore, it is not clear how hippocampus-dependent memories are maintained over extended periods of time. We recently discovered that the cAMP/MAPK/CREB transcriptional pathway in the mouse hippocampus is repeatedly activated during the circadian cycle with a maximum during the daytime (Eckel-Mahan et al., 2008) that depends upon the suprachiasmatic nucleus (SCN) (Phan et al., 2011) . Disruption of this oscillation after acquisition and consolidation impairs the persistence of memory. Since mice are nocturnal and exhibit polyphasic sleep patterns during the daytime, it raised the interesting possibility that this memory consolidation pathway may be activated during sleep. The objective of this study was to monitor the cAMP/MAPK/CREB transcriptional pathway during various stages of sleep.
In this study, we took advantage of the EEG/EMG recording system and monitored cAMP, MAPK activity and CREB phosphorylation in the hippocampus of mice during REM sleep, NREM sleep and when mice were awake. MAPK activation, measured as pERK, has been implicated in consolidation of hippocampus-dependent memory (Kelly et al., 2003; Kelleher et al., 2004) . When comparing MAPK activity among waking, REM sleep and NREM sleep, we detected much higher pERK levels in the CA1 and DG during REM sleep compared to waking but not when comparing NREM sleep to waking. We also examined the levels of phospho-p38 MAPK, which oscillates out-of-phase relative to pERK in the SCN (Obrietan et al., 1998; Pizzio et al., 2003) , in sleeping and awake animals. However, no differences were detected among different behavioral states (data not shown).
Since MAPK mediates phosphorylation and transactivation of CREB during memory formation (Xing et al., 1996; Impey et al., 1998b; Sindreu et al., 2007) , and more importantly, CREB-mediated transcription is required for consolidation of hippocampusdependent memory (Bourtchuladze et al., 1994; Athos et al., 2002; Pittenger et al., 2002) , we examined CREB phosphorylation in REM and NREM sleep. We used a phosphopeptidespecific antibody for CREB phosphorylated at Ser-133 (Impey et al., 1998a) and discovered that pCREB levels were significantly higher in REM sleep compared to waking but not when comparing NREM sleep to waking.
MAPK is activated by cAMP in the hippocampus (Impey et al., 1998b; Roberson et al., 1999) . We next examined cAMP levels and discovered that cAMP was also higher during REM sleep compared to awake animals. In addition, to assess cAMP-dependent PKA activity between waking and sleep, we used an antibody that detects the downstream substrates sharing a conserved PKA phosphorylation motif as a general indicator for PKA activation (Sindreu et al., 2007) . We detected elevated levels of two PKA substrates ranging from 50 kDa to 75 kDa during REM sleep. One potential candidate of these substrates is STEP 61 , the only isoform of the striatal-enriched protein tyrosine phosphatase (STEP) family that is expressed in the hippocampus (Boulanger et al., 1995) . STEP is phosphorylated directly by PKA (Paul et al., 2000) . In addition, the activity of STEP is also regulated by PKA-activated DARPP-32 (dopamine and cyclic adenosine 3′,5′monophosphate-regulated phosphoprotein, 32 kDa), which blocks the inhibitory activity of protein phosphatase-1 and therefore retains STEP in phosphorylated state (Greengard et al., 1999; Fitzpatrick and Lombroso, 2011) . The resulting phosphorylation of STEP prevents it from interacting with and inactivating pERK by dephosphorylation at the regulatory tyrosine residue (Paul et al., 2003) . To evaluate the levels of phospho-STEP 61 during waking and sleep, we processed hippocampal lysates for Western analysis and observed an increase in phospho-STEP 61 during REM sleep compared to waking or NREM sleep. However, these differences were not statistically significant (data not shown). Nevertheless, our data have shown that CREB, an important downstream target of the cAMP/PKA pathway, is activated during REM sleep (Figure 4) . Taken together, our results indicate that cAMP, MAPK activity and CREB phosphorylation are significantly higher in REM sleep, but not in NREM sleep, compared to awake mice.
The fact that the cAMP/MAPK/CREB transcriptional pathway is elevated during REM sleep suggests the intriguing hypothesis that the activation of this pathway during REM sleep may contribute to memory consolidation. To test this hypothesis, one has to demonstrate that blocking the activation of this pathway during REM sleep compromises memory consolidation. However, it is impossible to disrupt this pathway specifically during the brief periods of REM sleep with chemical inhibitors. We therefore used DKO transgenic mice as a tool to block calmodulin-stimulated cAMP increases during REM sleep. There is no difference between the sleep architecture of DKO and WT mice (unpublished observations, J.L. and D.R.S.). However, DKO mice exhibit impairments in consolidating hippocampusdependent memory and no increases in cAMP, MAPK activity or CREB phosphorylation during REM sleep. These data support the hypothesis that memory consolidation depends upon cAMP signals generated by calmodulin-stimulated adenylyl cyclases during REM sleep that activate MAPK and CREB-mediated transcription.
There is considerable evidence supporting the idea that memory consolidation may occur during REM sleep in rodents. Training leads to an increase in subsequent REM sleep, the onset time and duration of which vary depending upon task complexity, animal species and training protocols (Smith, 1996; Peigneux et al., 2001; Rauchs et al., 2005) . In addition, depriving REM sleep post-training interferes with spatial reference memory in maze learning (Smith and Rose, 1996; Youngblood et al., 1997; Smith et al., 1998) . Furthermore, neuronal activities reflecting prior waking experience are reproduced in a temporal order during subsequent REM sleep (Poe et al., 2000; Louie and Wilson, 2001) . However, hippocampal ensemble discharges seen in the earlier learning episodes are also detected during SWS (Wilson and McNaughton, 1994; Skaggs and McNaughton, 1996; Shen et al., 1998; Ji and Wilson, 2007) . These results suggest that REM sleep and SWS may play complementary roles in consolidating memory obtained from preceding wakefulness. In conclusion, our data indicate that the activation of the cAMP/MAPK/CREB transcriptional pathway during REM sleep may play an important role in consolidation of hippocampusdependent memory. 
